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The sub-optimal growth of phytoplankton and the resulting
persistence of unutilized plant nutrients (nitrate and phosphate)
in the surface waters of certain ocean regions has been a long-
standing puzzle1,2. Of these regions, the Southern Ocean seems to
play the greatest role in the global carbon cycle3,4, but controversy
exists as to the dominant controls on net algal production.
Limitation by iron deficiency4,5, light availability1,6,7 and grazing
by zooplankton2 have been proposed. Here we present the results
from culture experiments showing that the amount of cellular
iron needed to support growth is higher under lower light
intensities, owing to a greater requirement for photosynthetic
iron-based redox proteins by low-light acclimatized algae. More-
over, algal iron uptake varies with cell surface area, such that the
growth of small cells is favoured under iron limitation, as
predicted theoretically8. Phytoplankton growth can therefore be
simultaneously limited by the availability of both iron and light.
Such a co-limitation may be experienced by phytoplankton in
iron-poor regions in which the surface mixed layer extends below
the euphotic zone—as often occurs in the Southern Ocean6,7—or
near the bottom of the euphotic zone in more stratified waters. By
favouring the growth of smaller cells, iron/light co-limitation
should increase grazing by microzooplankton, and thus minimize
the loss of fixed carbon and nitrogen from surface waters in
settling particles9,10.

We examined the iron uptake and growth dynamics of coastal
diatoms (Thalassiosira pseudonana and T. weissflogii) and dino-
flagellates (Prorocentrum minimum and P. micans) representing a
range of cell diameters (3.5 to 30–32 mm) (Fig. 1). Experiments
were run at light intensities of 500 and 50 meinstein m−2 s−1 for
T. pseudonana and P. minimum and at the higher intensity only for
the other two species. The cells were grown at 20 8C on a 14 : 10 h
light : dark cycle in EDTA-metal ion buffered media11. We measured
the steady-state cellular Fe, Fe uptake rates, chlorophyll a, cell size

Figure 1 Relationships among specific growth rate, intracellular Fe : C (measured

with radiotracers), Fe uptake rate (normalized to cell volume and equivalent

spherical surface area), and [Fe9] for coastal eukaryotes of varying mean

diameters grown at 500 mEm−2 s−1 (here mE indicates microeinstein). The 36‰

salinitymedia was enriched with EDTA/trace metal ion buffers and 32 mM NaNO3,

2 mM Na2HPO4, 40 mM Na2SiO3, 10 nM Na2SeO3, 0.074nM vitamin B12, 0.4 nM

biotin and 60 nM thiamin. Solid bar on the x-axis represents the region where

Fe hydroxides are observed to precipitate11. Horizontal dimensions in all cases are

proportional to total Fe. [Fe9] is the mean value over a 14 : 10 light : dark cycle and

equals total dissolved Fe times 0.0025, 0.00166 and 0.00132 at light intensities of

500,160 and 50 mEm−2 s−1. The solid curve ind gives the modelled saturation curve

as fitted to equation (1) by nonlinear regression (R2 ¼ 0:90) using data for

½Fe9ÿ < 0:75nM. Results presented here are mostly new, but also include some

published11 high-light data for T. pseudonana, T. weissflogii and P. minimum. The

data include three separate experiments with T. pseudonana, and two each with

T. weissflogii and P. minimum. A single T. pseudonana experiment with four Fe

levels run in triplicate yielded mean standard deviations of 63.2, 3.9, 8.5, 8.4 and

10% for specific growth rate, Fe : C, Fe per litre cell volume, and C- and volume-

normalized uptake rates, respectively. Experimental proceduresandanalysesare

as described previously11.
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and specific growth rates over a range of concentration of dissolved
inorganic Fe species ([Fe9])11, the primary parameter that controls
Fe uptake in eukaryotic marine algae8,12,13. Studies of growth rate
only were made at low light with P. micans and at three light
intensities with the coastal cyanobacterium Synechococcus bacillaris.

At high light, Fe limitation of growth rate in all four eukaryotic
species occurred at or below the measured solubility limit for [Fe9]
with respect to Fe hydroxide precipitation11 (Fig. 1a), above which
[Fe9] should be constant. Growth rate was inversely related to cell
size under both Fe-sufficient and Fe-limiting conditions.

Cellular Fe normalized to carbon (Fig. 1b) and to cell volume
(data not shown) increased with Fe concentration and decreased
with cell size. The steady-state uptake rate for Fe, calculated by
multiplying cell Fe by specific growth rate, showed an even steeper
positive dependence on external Fe and inverse dependence on cell
size due to the decrease in growth rate with increasing cell size and
with decreasing [Fe9] (Fig. 1c). But when normalized to cell surface
area, uptake rate (VSA) in all four species fitted a single saturation
equation for nutrient uptake (Fig. 1d):

V SA ¼ V max½Fe9ÿ=ð½Fe9ÿ þ K sÞ ð1Þ

where Vmax ¼ 1;276 nmol m−2 d−1 and K s ¼ 0:51 nM. Thus, the
larger cells had low volume- or C-normalized uptake rates because
of low surface-to-volume ratios. The similarity in surface-normalized
uptake rates is predicted from previous findings which show that Fe
uptake in coastal and oceanic species occurs at theoretically limiting
rates determined by the kinetics of Fe transfer to surface uptake sites
and available space on the cell’s membrane8,11.

Iron uptake by diatoms continues to increase with total Fe in the
region of hydroxide precipitation (Fig. 1d), implying that Fe in
the hydroxides is available for uptake11. But the availability of Fe
hydroxides is much less than that of Fe9 because the ratio of
hydroxides to [Fe9] where the additional uptake occurs is ,10,000.

Under Fe-limitation, specific growth rate (m) was linearly related
to cell Fe : C ratio for all four species (Fig. 2a), consistent with the
role of Fe as a catalyst in biosynthesis14. Linear regression of the
high-light data gave the relationship

m ¼ Bð½Fe:Cÿ 2 mÞ ðR2 ¼ 0:91Þ ð2Þ

where m (3 mmol mol−1) is the Fe : C ratio needed for cell mainten-
ance at zero growth rate. The slope, B ¼ 49;360 mol C (mol Fe)−1 d−1,
defines the iron use efficiency (IUE) for a photoperiod of 14 h d−1,
which translates to 84,600 (49;360 3 24=14) for continuous light.
The latter value compares favourably with the IUE (72,000 mol C
(mol Fe)−1 d−1) computed from cell models of the Fe needed to
support photosynthesis, respiration and nitrate assimilation,

Figure 2Specific growth rate (a) andChl a : C (b) as functionsof intracellular Fe : C

at high (500 mEm−2 s−1; open symbols) and low light (50, closed symbols). Light

was controlled by neutral density screens. Cellular parameters were measured

as described previously11. Symbol shapes are as defined in Fig.1d.

Figure 3 Plot of m/mmax against [Fe9] at growth-satur-

atingand growth-limiting light intensities. The vertical

dotted line marks the solubility limit for [Fe9].
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assuming 1 : 1 : 1 : 1 stoichiometry for photosystem II : cytochrome
b6/f complex : cytochrome c : photosystem I and that flavodoxin
replaces ferredoxin14. At high Fe : C, growth rates reached maximum
values, which were inversely related to cell size (Fig. 2a).

At one tenth of the previous light intensity, the Fe-limited growth
rate of T. pseudonana and P. minimum also fitted equation (2), but
the slope of the relationship between m and [Fe : C] was reduced
fivefold to 9,700 mol C (mol Fe−1) d−1 (Fig. 2a). Maximum growth
rates were also reduced, but by lower amounts (1.9- to 3.8-fold).
The higher Fe : C needed to support growth at low light occurs
because of reduced light capture and electron flow per photosyn-
thetic unit (PSU). Cells acclimatize to low light largely by increasing
the number of PSUs15,16, which include light harvesting pigments,
photo-reaction centres and electron transfer molecules. PSUs con-
tain many cytochromes and Fe/S proteins, and account for much of
the cell’s ion content14,15. Thus, a low-light adaptive increase in PSUs
involves a large increase in cell Fe.

The chlorophyll a : C ratio of Fe-limited cells was proportional to
Fe : C. The Chl : Fe ratio determined from the slope of the plots of
cell Chl a against Fe (Fig. 2b) was higher at low light (21.3 mol Chl
(mol Fe)−1) than at high light (11.5) owing to photoacclimatization.
From IUE models14,15, 50% of the cell’s Fe should occur within PSUs
at high light and 90% at low light. By dividing cell Chl a : Fe by the
fraction of Fe in PSUs, and multiplying this value by 24 Fe atoms per
PSU14, we calculate that there are 550 Chl a molecules per PSU at
high light and 570 at low light, similar to values (500–1,300)
observed in coastal eukaryotic species at similar light intensities16.
Our results indicate an approximate stoichiometry for Fe and Chl
within PSUs as predicted by Raven15. The results imply that the well-
known decrease in Chl under Fe-limitation results from a decrease
in PSUs due to insufficient Fe for synthesis of needed cytochromes
and Fe/S proteins.

As cells need higher Fe : C for growth under low light, we had
expected low-light acclimatized cells to require higher external Fe
levels to achieve maximum growth rate (mmax). Despite this expecta-
tion, plots of m/mmax against [Fe9] for the four species tested show
similar results irrespective of light intensity (Fig. 3). The reasons for
this surprising result can be seen from relationships among specific
growth rate, cell Fe : C and C-normalized Fe uptake rate for P.
minimum (Fig. 4). As light is decreased, m decreases because of light
limitation (Fig. 4a). Because the cells are taking up Fe at the
maximum rates permitted by physics and chemistry (see above),
the uptake rate at low light for a given [Fe9] cannot exceed that at
high light, and indeed relationships between uptake rate and [Fe9]
are independent of light intensity (Fig. 4c). The decrease in growth
rate with light limitation causes cell Fe : C to increase (Fig. 4b)
because of the inverse relationship between Fe : C and m at constant
steady-state uptake rate, Vss

Cell Fe :C ¼ V ss=m ð3Þ

This increase allows the cells to synthesize additional PSUs needed
for low light acclimization.

Unlike other potentially growth-limiting nutrients (N, P, Si and
Zn) which are highly soluble and can reach high concentrations,
levels of biologically available Fe9 in sea water are limited by the
solubility of Fe hydroxide. Once these hydroxides form, additional
Fe inputs will not increase [Fe9], only Fe hydroxides, which are
much less available than soluble Fe9 (ref. 13) and also will aggregate
and settle out from sea water17. Although most of the dissolved Fe is
chelated by organic ligands18–20, the chelated Fe should not be
directly available for algal uptake8,12 and will not affect the solubility
limit on [Fe9]. We argue that the low solubility of Fe9 places a limit
on the amount of metabolic Fe a cell can accumulate for a given size
and, thus, on the maximum growth rate it can achieve under various
light conditions. Such a limit would be most important in coastal
and estuarine systems which receive high Fe inputs from continental
sources17. This idea is supported by our finding that the minimum
[Fe9] needed to achieve maximum growth rate just equals the [Fe9]
solubility limit in three out of our five coastal species under both
saturating and growth-limiting light. In no case does it exceed this
limit. We argue that this occurs because over the past ,2 billion
years, the maximum [Fe9], and, thus, the maximum growth rate
that cells could achieve, were fixed by this limit.

Our results indicate that Fe and light limitation and cell size are all
integrally linked. In the open ocean, Fe levels are much lower than in
coastal waters and [Fe9] should generally be below the solubility
limit19–22. Iron limits algal growth in at least some oceanic
systems5,23,24 and cells are more likely to be Fe-limited under low
irradiance. Adaptation to low light at the bottom of the euphotic
zone in stratified regions will lead to high cell Fe : C ratios and,
therefore, high removal of Fe relative to other nutrients (C, N and
P). This higher removal should drive these systems towards greater
Fe limitation, and may largely explain the observed depletion of Fe
within deep Chl maxima21,22. The combined Fe/light limitation will
favour the growth of small cells, consistent with the observed
dominance of small prokaryotes and the paucity of larger eukaryotes
in deep Chl maxima25,26.

Martin et al.4,5 have argued that the limited draw-down of nitrate
and CO2 in the Southern Ocean results from Fe limitation of algal
growth, whereas Nelson, Mitchell and others6,7 argue that it results
primarily from light limitation due to deep mixed layers and low
overall solar irradiance. We argue that they are both correct, and that
the phytoplankton are simultaneously limited by Fe and light.
Furthermore, by favouring the growth of small cells, Fe/light co-
limitation should increase grazing rates by microzooplankton and
reduce settling rates of algal cells and faecal pellets, and thereby
increase nutrient cycling and decrease export of carbon and
nutrients from surface waters9,10. M

Figure 4 Relationships among specific growth rate, intracellular Fe :C, Fe uptake

rate, and [Fe9] for P. minimum at growth-saturating and limiting light (500 and

50 mEm−2 s−1).
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The Earth’s physical properties show a dominantly radial struc-
ture which is the result of compositional differentiation, isoche-
mical phase changes1 and rheological layering2. Rheological
layering is perhaps the most difficult to investigate using conven-
tional seismological techniques because the seismic manifestation
of this property, elastic anisotropy, may closely mimic the effects
of isotropic heterogeneity3. Nonetheless, an improved character-
ization of Earth’s rheological structure promises important
insights into such processes as plate dynamics and continental

evolution. Here, I present a methodology for effectively charac-
terizing sharp transitions in anisotropic, upper-mantle structure
using the coda of teleseismic P-waves. Application to seismograms
from the Slave craton reveals a well-developed stratigraphy, at
least in part anisotropic, with major boundaries occurring at
nominal depths of 75, 135 and 195 km. The geometry and sharp-
ness of these discontinuities suggest a structural origin, perhaps
involving shallow subduction.

The Slave province is a small (2:1 3 105 km2) Archaean craton
located in Canada’s Northwest Territories (Fig. 1), hosting the oldest
dated rocks on Earth4. These rocks together with recent diamond
discoveries in the region5 have prompted considerable research
interest in the Slave province with the objective of better under-
standing craton structure and evolution. A remote means of
accessing the subcrustal, cratonic lithosphere involves the analysis
of seismic energy arriving in the coda of teleseismic P. I have
compiled a set of 907 broadband three-component seismograms
recorded at five stations (YKW1–4, and RSNT) near Yellowknife,
Northwest Territories, representing a total of 427 earthquakes.
These events are well distributed in azimuth and epicentral distance
(Fig. 1). Each seismogram contains the combined effects of Earth
structure and earthquake source; the latter must be removed for the
present purpose. Seismograms are source-normalized using an
approach similar to conventional receiver function analysis6, but
incorporating a number of important modifications to improve
resolution of subtle features in the seismic wavefield. These include
a more effective P, S decomposition through inversion of the free
surface transfer-matrix7, and simultaneous deconvolution of multi-
ple seismograms to isolate structural effects8.

The product of this signal processing is essentially the S-wave
contribution at early times to the Earth’s impulse response. One
may choose to associate this empirical Green’s function with either
one-dimensional or three-dimensional structure depending on the
selection of seismograms used in simultaneous deconvolution. An
effective means of presenting and analysing the impulse response is
in colour-coded images of amplitude as a functions of time and
epicentral distance, as has been used, for example, to characterize
the Earth’s long-period response9. The radial component impulse
response for Yellowknife is shown in Fig. 2a from 5 s before to 30 s
after arrival of direct P over the epicentral distance range from 30 8
to 1008. This image comprises a 514-seismogram subset of the

Figure 1 Azimuthal projection of the distribution of events (small black circles)

recordedat Yellowknife andused in this study. Inset shows locationof Yellowknife

stations (triangle) relative to outline of Slave craton in grey. Circles represent 308

increments in distance from Yellowknife.


